Despite the fact that the presence of multiple large plasmids is a defining feature of extraintestinal pathogenic Escherichia coli (ExPEC), such as avian pathogenic E. coli (APEC), and despite the fact that these bacteria pose a considerable threat to both human and animal health, characterization of these plasmids is still limited. In this study, after successfully curing APEC of its plasmids, we were able to investigate, for the first time, the contribution to virulence of three plasmids, pAPEC-1 (103 kb), pAPEC-2 (90 kb), and pAPEC-3 (60 kb), from APEC strain 7122 individually as well as in all combinations in the wild-type background. Characterization of the different strains revealed unique features of APEC virulence. In vivo assays showed that curing the three plasmids resulted in severe attenuation of virulence. The presence of different plasmids and combinations of plasmids resulted in strains with different pathotypes and levels of virulence, reflecting the diversity of APEC strains associated with colibacillosis in chickens. Unexpectedly, our results associated the decrease in growth of some strains in some media with the virulence of APEC, and the mechanism was associated with some combinations of plasmids that included pAPEC-1. This study provided new insights into the roles of large plasmids in the virulence, growth, and evolution of APEC by showing for the first time that both the nature of plasmids and combinations of plasmids have an effect on these phenomena. It also provided a plausible explanation for some of the conflicting results related to the virulence of ExPEC strains. This study should help us understand the virulence of other ExPEC strains and design more efficient infection control strategies.
Despite the fact that the presence of multiple large plasmids is a defining feature of extraintestinal pathogenic Escherichia coli (ExPEC), such as avian pathogenic E. coli (APEC), and despite the fact that these bacteria pose a considerable threat to both human and animal health, characterization of these plasmids is still limited. In this study, after successfully curing APEC of its plasmids, we were able to investigate, for the first time, the contribution to virulence of three plasmids, pAPEC-1 (103 kb), pAPEC-2 (90 kb), and pAPEC-3 (60 kb), from APEC strain 7122 individually as well as in all combinations in the wild-type background. Characterization of the different strains revealed unique features of APEC virulence. In vivo assays showed that curing the three plasmids resulted in severe attenuation of virulence. The presence of different plasmids and combinations of plasmids resulted in strains with different pathotypes and levels of virulence, reflecting the diversity of APEC strains associated with colibacillosis in chickens. Unexpectedly, our results associated the decrease in growth of some strains in some media with the virulence of APEC, and the mechanism was associated with some combinations of plasmids that included pAPEC-1. This study provided new insights into the roles of large plasmids in the virulence, growth, and evolution of APEC by showing for the first time that both the nature of plasmids and combinations of plasmids have an effect on these phenomena. It also provided a plausible explanation for some of the conflicting results related to the virulence of ExPEC strains. This study should help us understand the virulence of other ExPEC strains and design more efficient infection control strategies.
Escherichia coli strains are members of the normal intestinal microflora of most mammals and birds. They colonize their primary habitat, the lower intestinal tract of the host, within the first few hours of the host's life (37, 54) . E. coli strains are very versatile organisms, and the environment is considered their secondary habitat; approximately one-half of all living E. coli cells are actually living outside their hosts. Even though most E. coli strains are commensals and their presence provides a benefit to the host, a subset of these bacteria has acquired the ability to cause intestinal and extraintestinal diseases. These bacteria can be distinguished from commensals by their virulence factors (29, 37) .
Extraintestinal pathogenic E. coli (ExPEC), including avian pathogenic E. coli (APEC), pose a considerable threat to both human and animal health due to potential economic losses stemming from illness (30, 55, 62) . ExPECs are responsible for a broad spectrum of infections in humans, including urinary tract infection (UTI), newborn meningitis (NBM), and septicemia. In addition, they are involved in animal diseases, such as avian colibacillosis, one of the most significant and widespread infectious diseases occurring in poultry and the cause of increased mortality, condemnations, and decreased production (3, 16) . The most common disease syndromes associated with E. coli in birds are lower-respiratory-tract infections (air sacculitis), cellulites, meningitis, and septicemia (3) .
The different groups of E. coli have evolved mainly by acquisition of genes via horizontal gene transfer, a common phenomenon in bacteria that occurs even between very distantly related species (12, 45) . This mechanism contributes to the evolution of E. coli variants, resulting in the development of novel strains and pathotypes. Conjugative plasmids are known to mediate transfer of genes between bacteria in diverse environments (42, 67) . Acquisition of plasmids by bacteria is one of the fastest ways for survival in and adaptation to one or multiple hosts, as plasmids can encode multiple traits, including antibiotic and heavy metal resistance, virulence, and persistence in different environments (21) .
ExPEC strains (ExPECs) are differentiated from other pathotypes by the presence of specific virulence genes that allow them to spread systemically in hosts (62) . ExPECs, particularly APEC isolates, carry multiple large plasmids (13, (32) (33) (34) (35) belonging to different incompatibility groups (35) , and the most prevalent plasmids in APEC strains (APECs) are the IncFIB, IncFIC, IncFIIA, IncI1, incP, incB/O, and IncN plasmids, some of which encode virulence factors. Additionally, plasmids encoding multiple drug resistance have been isolated from both APEC and uropathogenic E. coli (UPEC) strains. To date, few studies have undertaken sequencing and characterization of plasmids from avian isolates, particularly the ColV and ColBM plasmids from the IncFIB incompatibility group, which are considered common among ExPEC strains (22, 32, 33, 48, 66) . Each of these plasmids has a conserved region harboring the FIB replicon, the ColV and/or ColBM operon, several known virulence genes, and iron acquisition and transport operons. According to recent studies the zoonotic risk seems to be related to the presence of large plasmids in APECs (48, 61) .
A fuller understanding of ExPEC virulence mechanisms is needed to develop treatments and preventative measures for use against ExPEC infections (55) . Reductionism has been used for many years as a critical and powerful tool for identification of key genes responsible for microbial pathogenesis. However, the limitations of this approach for understanding the pathogenicity of bacteria include the multifactorial nature of virulence and the complex cross-regulation of gene expression. The ExPECs that cause diseases in humans and animals are very diverse, and although serotype and virulence factors are related to this diversity, the exact molecular mechanism behind the extensive diversity has not been elucidated yet.
APEC strain 7122 (O78:K80:H9) has been used for many years as a model strain to study the molecular mechanisms of APEC pathogenicity. The results of such studies have contributed greatly to increasing our understanding of the virulence of both human and animal ExPECs. This bacterium has three large plasmids, pAPEC-1 (103 kb), pAPEC-2 (90 kb), and pAPEC-3 (60 kb) (48) . Most known virulence factors associated with APEC, including iron acquisition systems, tsh, and colicin V, are located on pAPEC-1, whereas the contents of pAPEC-2 and pAPEC-3 are completely unknown.
Despite the fact that the presence of multiple large plasmids is a defining feature of the APEC pathotype (13, (32) (33) (34) (35) , characterization of these plasmids is still very limited. The exact role of many of them, as well the epistatic interactions between them, are unknown. The study of these plasmids has been complicated by their diversity and by the difficulty of curing them from the wild type. The few previous studies dedicated to understanding the role of the large plasmids of APEC in virulence were done in either E. coli K-12 (15, 31, 63) or avian commensal E. coli backgrounds (61, 70) , which did not necessarily show the true functions of these plasmids in the wild-type background host strain.
A plasmidless strain obtained from a wild-type APEC strain would provide a better background to evaluate the potential virulence of individual plasmids. In this study, after successfully curing APEC of its plasmids, we were able to investigate the contribution to virulence of each of the three large plasmids of APEC 7122 by generating a plasmidless strain, strains with each plasmid individually, and strains with two plasmids in different combinations. We then determined the genetic locations of different virulence genes and compared the plasmidcontaining derivative strains to the wild-type strain in terms of virulence, growth rate, serum resistance, iron uptake, and lipopolysaccharide (LPS) and iron-regulated outer membrane protein (IROMP) profiles. The results of this study provide new insights into the role of large plasmids in virulence, growth, and evolution of APEC by showing for the first time that both the nature of plasmids and combinations of plasmids have an effect on these factors. They also provide a plausible explanation for some conflicting results related to the virulence of ExPECs.
MATERIALS AND METHODS

Chemicals and reagents.
Bacterial growth media used in this study were purchased from Becton, Dickinson and Company. The antibiotics were obtained from Sigma (St. Louis, MO). Restriction and modification enzymes were obtained from Invitrogen (Carlsbad, CA) or New England Biolabs (Beverly, MA) and used as recommended by the manufacturers. PCR primers were purchased from IDT Inc. (Coralville, IA).
The different bacterial media used to evaluate the growth of bacteria were LB broth (containing [per liter] 10 g tryptone, 5 g yeast extract, and 10 g NaCl) and MM9 medium (containing [per liter] 12.8 g Na 2 HPO 4 ⅐ 7H 2 O, 5 g KH 2 PO 4 , 0.5 g NaCl, 1 g NH 4 Cl, 0.2 ml 1 M MgSO 4 , 5 l 1 M CaCl 2 , and 20 ml 20% glucose). The cell culture media used included Dulbecco's modified Eagle's medium (DMEM) (Gibco), RPMI-1640 (Gibco), and GTSF-2 medium consisting of triple-sugar minimal essential medium ␣-L-15 base supplemented with 2.2 g/liter NaHCO 3 and 2.5 mg/liter insulin-transferrin-sodium selenite (40) .
Bacterial strains and culture. Table 1 lists the E. coli strains and plasmids used in this study. APEC strain 7122 (O78:K80:H9) was originally isolated from the liver of a deceased turkey (8) . A rough mutant strain (O78 Ϫ ) of APEC strain 7122, 7145, and two derivatives of 7145, 7167 and 7193, which express O antigens different from the native O78 antigen (O111 and O1, respectively), have been described previously (46, 47) .
Bacterial strains were routinely grown in LB broth and on MacConkey agar supplemented with 1% lactose at 37°C, except where indicated otherwise. Strains were stored as stock cultures at Ϫ80°C in peptone-glycerol medium. When required, antibiotics were added at the following concentrations: kanamycin, 30 g/ml; nalidixic acid, 15 g/ml; streptomycin, 50 g/ml; and tetracycline, 10 g/ml. Diaminopimelic acid (DAP) (50 g/ml) was added for growth of Asd Ϫ strains.
Isolation of large plasmids. The strains were cultured in LB broth at 37°C for 14 to 16 h, and plasmid DNA was isolated by the phenol-chloroform procedure (36) and by using a large-construct kit (Qiagen) according to the manufacturer's instructions.
Plasmid curing. We previously cured 7122 of its pAPEC-1 plasmid by insertion of a tetAR(B) cassette derived from Tn10 into the tsh gene to generate strain 7273 (15) ( Table 1 ). The pAPEC-1 plasmid-cured strain was designated 7274 (Table 1) .
We then used the Tnminitet insertion method (65) to cure 7274 of its pAPEC-2 plasmid and generate strain 7367 containing only pAPEC-3. Briefly, the pAPEC-2 plasmid was labeled with a Km r insert in its parA region, which destabilized the plasmid and allowed isolation of plasmid-free derivatives by growing the strain in LB broth without antibiotics. Finally, to cure 7367 of its pAPEC-3 plasmid, we used a two-step transposon-based method (26) . Briefly, a Tn10-based transposable unit carrying a Km r marker gene and the joined IS30 ends transposed from a replication-deficient conjugative plasmid into the pAPEC-3 replicon, and then the inducible IS30 transposase mediated loss of the whole virulence plasmid; the plasmidless strain was designated 7368 (Table 1) .
Reintroduction of plasmids into strains by bacterial mating. Mating between different strains was done by mixing (1:1) overnight cultures of the donor and the recipient (Table 1) . Mating was carried out overnight at 37°C. The mating mixtures were plated either on LB medium plates with tetracycline and colicin V produced as described previously (48), on LB medium plates with tetracycline and streptomycin, or on LB medium plates with tetracycline. The transconjugants were verified by using PCR and the plasmid profiles.
Because of the failure of colicin V to kill strains with the O78:K80 background (data not shown), we were not able to counterselect transconjugants with pAPEC-1 when the recipient strains had the 7122 background. For practical reasons we used a tetracycline resistance marker plasmid, pAPEC-1-1. Once transferred into the recipient, the tsh gene disturbed by the tetA gene (15) was restored using a suicide vector containing the tsh gene as described below.
The stability of plasmids in different strains was evaluated after bacteria were subcultured in LB medium at 37°C for five consecutive days. One hundred isolated colonies from each culture were tested by PCR to determine their plasmid contents. The relative copy numbers of plasmids were evaluated by comparing the intensities of DNA plasmid bands on an agarose gel containing bacteria grown to the same optical density at 600 nm (OD 600 ) using the AlphaEase FC software (Alpha Innotech Corp., CA).
Genetic techniques. Standard molecular manipulations were performed as described by Sambrook et al. (58) . Restoration of the tsh gene in pAPEC-1-1 transferred into the different recipient strains was performed by allelic exchange with a suicide vector using standard methods (49) . The tsh region cloned into the suicide vector included the tsh gene (4,134 bp) and the left (616 bp) and right (530 bp) flanking regions (CP000836), and it was amplified from pAPEC-1 DNA by PCR using the high-fidelity polymerase Klentaq-LA (4) and primers Tsh F (5Ј-CGGGAATTCGTGACAGGCTATAGTACTTCC-3Ј) (EcoRI site underlined) and Tsh R (5Ј-CCCAAGCTTAGTGTTCCGTTCAGCCAGGTA-3Ј) (HindIII site underlined). The 5,280-bp PCR product was purified using a QIAquick gel extraction kit (Qiagen) and was sequenced at the sequencing facility at Arizona State University, using standard sequencing technology.
Detection of adhesin genes (fimH, tsh, csgA, ecpA, pilS and stgA), iron acquisition genes (iroN, iucC, sitA, eitA, feoB, fepA and mntH), and genes encoding other virulence factors (traT, etsA, cvaC, ompT, hylF, and iss) in the different strains with either the wild-type 7122 or E. coli K-12 6092 background was performed by PCR amplification using primers specified in Table 2 .
Colicin production. Colicin production was detected using the chloroform overlay method as described previously (20) .
LPS and OMP profiles. Outer membrane proteins (OMPs) and LPS of the strains were prepared as previously described (25) . LPS profiles were evaluated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and visualized by silver staining. OMPs were electrophoretically separated on 10% SDS-PAGE gels and visualized with Coomassie blue. OMPs were prepared from cultures of bacteria grown to an A 600 of 1 under iron-restricted and iron-replete conditions by using LB broth with and without 2,2Ј-dipyridyl at a final concentration of 200 M. LPS were prepared from overnight cultures of bacteria grown in LB broth.
Evaluation of bacterial growth in different media. To compare the growth of bacteria in different media, five media (LB medium, MM9 medium, DMEM, RPMI-1640, and GTSF-2 medium) were inoculated (1:100) with overnight cultures of bacteria grown in LB broth and then incubated for 6 to 24 h with continuous rotation at 37°C. The OD 600 of each culture was determined every hour. For iron-limited growth studies, 100 M ␣,␣Ј-dipyridyl was added to the LB medium.
Serum complement resistance assay. The resistance to serum complement was determined by evaluating bacterial survival following incubation in 90% serum from guinea pigs (Innovative Research) and specific-pathogen-free chickens as previously described (46) . Siderophore detection. Siderophore production was detected in an iron-limited medium, chrome azurol sulfonate (CAS) agar (60) . Five microliters of an LB broth culture at an OD 600 of 0.6 was spotted on agar plates and incubated overnight at 37°C. The presence of an orange halo around a colony indicated a culture positive for siderophore production, and the diameters of the orange haloes that formed on the CAS agar plates were measured after incubation at 28°C for different times.
Analysis of the DNA sequences of the enterobactin-encoding and feo regions in 7122. The sequences of the enterobactin-encoding and feo regions were derived from contig sequences of the whole genomic DNA of APEC 7122, kindly provided by Suman Mukhopadhyay (National Institute of Allergy and Infectious Diseases, Bethesda, MD) and Steven Salzberg (University of Maryland, College Park, MD), using a BLAST comparison with fepA and feo sequences available in the public sequence database. The identified enterobactin-encoding and feo regions (23,700 bp and 2,300 bp) were characterized by DNA sequence analysis. Putative open reading frames (ORFs) were identified using vector NTI programs. BLAST programs (http://www.ncbi.nlm.nih.gov) were used to carefully review and confirm the annotation of every gene.
Infection of chickens. Infection of chickens was performed in accordance with protocols approved by the Arizona State University Institutional Animal Care and Use Committee in dedicated facilities at the Biodesign Institute, Arizona State University. Specific-pathogen-free fertile White Leghorn chicken eggs were obtained from Charles River Labs (Wilmington, MA) and hatched at the animal facilities of the Biodesign Institute. During the study chickens were housed in isolators equipped with HEPA filters.
Lethality for 1-day-old chicks. The pathogenicities of different strains were assessed by subcutaneously inoculating groups of 14 1-day-old chicks with 0.1 ml of either phosphate-buffered saline (PBS) or a washed overnight broth culture of an E. coli strain (about 10 8 CFU) as previously described (18) . Death was recorded for 6 days after inoculation.
Experimental infection of chickens via the air sacs. The abilities of different strains to disseminate in the respiratory tract and internal organs of chickens were compared. Briefly, groups of 14 3.5-week-old chickens were inoculated with the appropriate strains in the right thoracic air sac as described previously (46) . All birds were euthanized at 48 h postinfection by CO 2 asphyxiation and then necropsied. Organs were aseptically removed, the presence and number of bacteria were determined, and macroscopic fibrinous lesions were scored using the scale described previously (46) . Colonies were selected at random from MacConkey plates and tested for agglutination with the anti-O78 antisera and to determine their plasmid profiles. Lesion scores and on October 2, 2017 by guest http://iai.asm.org/ bacterial counts in organs were compared for groups of chickens inoculated with the parent strain and with derivative(s) of it by using analysis of variance (ANOVA). Statistical analysis. Data were analyzed by one-way analysis of variance (ANOVA), followed by Bonferroni's multiple-comparison test (GraphPad Prism software, version 5.07). Differences between average values were also tested for significance by performing an unpaired, two-sided Student t test. The levels of significance (P values) are reported below.
Nucleotide sequence accession numbers. The complete and annotated genome sequences of the enterobactin-encoding and feo regions have been deposited in the DDBJ/EMBL/GenBank database under accession numbers GU361605 and GU361604, respectively.
RESULTS
Generation of a plasmid-cured strain and strains containing different combinations of large plasmids. Curing APEC of its plasmids by standard methods has proven to be problematic in the past (61) . Chemical curing was avoided in this study because of the eventual mutational effect on the chromosomal DNA. APEC strain 7122 has three large plasmids, pAPEC-1, pAPEC-2, and pAPEC-3 (Table 1 and Fig. 1A ) (48) , all of which we successfully cured to generate plasmidless strain 7368, as described in Materials and Methods. We then reintroduced plasmids to generate strains containing either a single plasmid, including 7394 (pAPEC-1), 7392 (pAPEC-2), and 7367 (pAPEC-3), or two plasmids, including 7561 (pAPEC-1 and pAPEC-2), 7562 (pAPEC-1 and pAPEC-3), and 7274 (pAPEC-2 and pAPEC-3) ( Table 1) .
Plasmids pAPEC-1, pAPEC-2, and pAPEC-3 were also introduced individually into E. coli K-12 strain 6092 to generate strains 7346, 7347, and 7348, respectively (Table 1) .
Plasmid profiles of strains. The plasmid profiles of strains are shown in Fig. 1A . Wild-type strain 7122 has three large plasmids, pAPEC-1, pAPEC-2, and pAPEC-3. No plasmid bands were detected for strain 7368; strains 7394, 7392, and 7367 contain a single plasmid corresponding to pAPEC-1, pAPEC-2, and pAPEC-3, respectively, and strains 7561, 7562, and 7274 contain two plasmids (pAPEC-1 and pAPEC-2, pAPEC-1 and pAPEC-3, and pAPEC-2 and pAPEC-3, respectively). The plasmid stability in all strains was 100%, as determined under in vitro conditions, and the copy numbers of plasmids in the new strains that were generated were not altered, as determined by the method described in Materials and Methods. 
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Genotypic characterization of APEC strain 7122. Using PCR, we confirmed the presence of 16 virulence genes in APEC 7122. These genes include genes encoding adhesins (fimH, tsh, csgA, ecpA, and stgA) and iron acquisition systems (iroN, iucC, sitA, feoB, and mntH), as well as other genes (traT, etsA, cvaC, ompT, hylF, and iss). We also detected three new virulence genes, fepA, eitA, and pilS, in 7122 (Table 3 ). Six of the 19 genes, fimA, csgA, ecpA, feoB, fepA, mntH, were also found in E. coli K-12 6092 (Table 3) , whereas the remaining 13 genes were not detected in the nonpathogenic strain E. coli K-12 6092.
By testing different plasmid-containing clones derived from either wild-type strain 7122 or E. coli K-12 6092 (Table 3) for the presence of the 19 virulence genes using PCR (Table 2) , we determined that seven genes, fimA, csgA, ecpA, stgA, feoB, fepA, and mntH, are located on the chromosome of APEC 7122, since regardless of their plasmid profiles all of the derivative strains were positive for these genes. With the exception of stgA, the same genes were detected in E. coli K-12 6092. Twelve of the 19 genes were considered plasmid genes (Table 3 ) due to their absence in the plasmidless strains 7368 and 6092 and their presence in strains that contain at least one of the three plasmids. Nine of the 12 genes, tsh, iroN, iucC, sitA, iss, cvaC, hlyF, ompT, and etsA, are located on pAPEC-1, 2 of the 12 genes, eitA and traT, are located on pAPEC-2, and pilS is located on pAPEC-3. We confirmed these results by performing the same PCRs with the corresponding purified plasmid DNAs (data not shown).
LPS profiles of strains. The LPS profiles of all strains are shown in Fig. 1B . Strains derived from the O78 wild-type background possess full-length LPS, a long-chain LPS with a ladder pattern similar to the wild-type O78 LPS pattern. The smooth LPS of APEC was not affected by the presence of plasmids, since all isolates expressed long-chain LPS. The LPS profile of the O78 LPS rough mutant 7145 lacks the ladder pattern, whereas the O111-and O1-substituted O antigens of strains 7167 and 7193, respectively, produced smooth LPS profiles with ladder patterns distinct from the ladder pattern of the native O78 LPS of the wild-type strain (Fig. 1B) . Colicin production. Overall, all clones that have pAPEC-1 in their plasmid profiles, including wild-type strain 7122 and its derivatives 7394 (pAPEC-1), 7561 (pAPEC-1 and pAPEC-2), and 7562 (pAPEC-1 and pAPEC-3), were colicin positive (data not shown). Plasmidless strain 7368 and strains 7392 (pAPEC-2), 7367 (pAPEC-3), and 7274 (pAPEC-2 and pAPEC-3) were colicin negative (data not shown). The pAPEC-1-encoded colicin was previously identified as a colicin V (48) .
CAS assay detected expression of pAPEC-1 siderophores and a new chromosomal siderophore system in APEC 7122. Siderophore production was detected in different strains using the CAS assay based on a change in the color of the CAS-iron complex from blue to orange after chelation of iron by siderophores. Although an orange halo was observed around each colony of wild-type strain 7122 and its derivatives, the sizes of the haloes were different (Fig. 2) . In fact, the haloes surrounding colonies of wild-type strain 7122 and its derivatives 7394 (pAPEC-1) and 7562 (pAPEC-1 and pAPEC-3) were larger than the haloes surrounding colonies of plasmidless strain 7368 and strains 7392 (pAPEC-2), 7367 (pAPEC-3), and 7274 (pAPEC-2 and pAPEC-3) (Fig. 2) . The decrease in iron uptake in the latter strains was related to the absence of pA-PEC-1, which is known to encode two siderophores, salmochelin and aerobactin (48) . The exception to these findings was 7561 (pAPEC-1 and pAPEC-2), which had a growth defect in CAS medium which affected its ability to acquire iron, as shown by the small orange haloes surrounding its colonies (Fig.  2) . The ability of plasmidless strain 7368 to acquire iron (Fig.   2) demonstrates that a chromosome-encoded siderophore that was not detected previously was present.
E. coli K-12 6092 was unable to acquire iron in CAS agar medium, whereas its plasmid derivative 7346 (pAPEC-1) was positive for iron acquisition (Fig. 2) . The presence of an orange halo surrounding a colony indicated that siderophores encoded by pAPEC-1 were expressed in E. coli K-12 ( Fig. 2A) . The fact that the results for 7347 (pAPEC-2) and 7348 (pAPEC-3) in this test were negative indicates that neither pAPEC-2 nor pAPEC-3 encodes a siderophore system.
The presence of pAPEC-1 resulted in increased growth of bacteria in iron-restricted medium. In LB medium supplemented with the ferrous iron chelator 2,2Ј-dipyridyl, plasmidless strain 7368 and the strains containing pAPEC-2 and/or pAPEC-3 grew significantly (P Ͻ 0.001) slower than the wildtype strain between 7 and 24 h (Fig. 3) . All of the strains containing pAPEC-1 except 7561 (pAPEC-1 and pAPEC-2) grew as well as the wild-type strain (Fig. 3) .
Although E. coli K-12 6092 exhibits a growth defect in iron-restricted media, addition of pAPEC-1 resulted in a 6-fold increase in growth. However, addition of either pAPEC-2 or pAPEC-3 did not have any effect (Fig. 3B) .
Sequence analysis of the two chromosomal iron uptake systems in APEC 7122, the enterobactin and feo systems. The availability of the rough genomic DNA sequence of 7122, along with PCR results (Table 3) , allowed us to detect and fully analyze the siderophore enterobactin and feo regions on the chromosome. The sequences of 23,700-bp and 7,500-bp regions located on the chromosome of APEC 7122 contain the genes encoding the siderophore enterobactin and an ABC ferrous iron uptake feo system, respectively (Fig. 4 Table S1 in the supplemental material). Six IROMPs are associated with APEC 7122, two of which are pAPEC-1 encoded and four of which are chromosomally encoded. Iron limitation-induced IROMPs are not expressed in bacteria grown in normal LB medium. Five bands at different molecular weights were not present in the OMP profiles of wild-type strain 7122 and its derivatives 7394 (pAPEC-1), 7561 (pAPEC-1 and pAPEC-2), and 7562 (pAPEC-1 and pAPEC-3) grown in LB medium (Fig. 5A ), but they were present in the OMP profiles of bacteria grown in LB medium without iron (Fig. 5B) . Four of these IROMPs were also expressed in plasmidless strain 7368 and strains 7392 (pAPEC-2), 7367 (pAPEC-3), and 7274 (pAPEC-2 and pAPEC-3) (Fig. 5B) . To distinguish between the chromosome-and plasmid-encoded IROMPs, we analyzed the IROMP profiles of E. coli K-12 6092 and its plasmid-containing derivatives. The OMP profiles of these strains confirmed that two large IROMPs are expressed by a strain containing pAPEC-1 (7346) (Fig. 5C ) and no IROMPs are encoded by pAPEC-2 and pAPEC-3 (data not shown). Altogether, our results show that two pAPEC-1-encoded IROMPs are the aerobactin receptor IutA and the siderophore receptor IroN (Table 4) (48) . Here, we identified one of the four chromosome-encoded IROMPs, the enterobactin receptor FepA (Table 4 and Fig. 4 ; see Table S1 in the supplemental material); the three others need to be identified in the future.
Large plasmids have a minor effect on the serum resistance of APEC 7122; however, the presence and nature of O LPS affected the sensitivities of strains to serum complement differently. Bacterial strains were tested to determine their abilities to resist complement in both chicken and guinea pig sera. Overall, the results showed that the survival of strains was greater in guinea pig serum than in chicken serum (Fig. 6) . Wild-type strain 7122, as well its plasmid-containing derivatives, were all resistant to both guinea pig and chicken serum complement (Fig. 6A) .
Of the LPS-derived strains included in this study, both the 7145 rough mutant and a derivative expressing O1 LPS, 7193, were confirmed to be sensitive to complement (46) , and 7193 (O1) was the strain that was most sensitive, especially to chicken serum (Fig. 6A) . In this study, we showed that the LPS derivative strain 7167 (O111) was as resistant to complement as wild-type strain 7122 (Fig. 6A) .
pAPEC-1 increased the survival of E. coli K-12 in serum. To evaluate if plasmids could affect the sensitivity of E. coli K-12 to complement, we compared the sensitivity of E. coli K-12 to serum with the sensitivities of its plasmid-containing derivatives 7346 (pAPEC-1), 7347 (pAPEC-2), and 7348 (pAPEC-3). As expected, E. coli K-12 strain 6092 was sensitive to serum complement. Since no cells of either 6092 or its derivatives were detected after 3 h of incubation in serum (data not shown), we reduced the time of incubation of bacteria in serum from 3 h to 1 h. After 1 h of incubation in guinea pig serum, the presence of pAPEC-1 in 7346 significantly (P Ͻ 0.05) increased the survival of this strain compared to parent strain 6092. Neither pAPEC-2 in 7347 nor pAPEC-3 in 7348 had any effect on survival (Fig. 6B) .
The degree of virulence of APEC depends on the nature of its large plasmids and combinations of these plasmids. Based on lethality for 1-day-old chicks following subcutaneous inoculation, APEC isolates were classified in different lethality classes ranging from high to low (15, 53) . Here, our results show that the plasmid-containing derivatives of wild-type strain 7122 behaved differently in terms of lethality for 1-day-old chicks. The high-lethality class included wild-type strain 7122 and strains 7394 (pAPEC-1), 7561 (pAPEC-1 and pAPEC-2), and 7562 (pAPEC-1 and pAPEC-3), which killed 100%, 78.6%, 100%, and 92.9% of the chicks tested, respectively. The moderately virulent class included 7392 (pAPEC-2), 7367 (pAPEC-3), and 7274 (pAPEC-2 and pAPEC-3), which killed 57.2%, 42.8%, and 35.7% of the chicks tested, respectively. The low-lethality class included plasmidless strain 7368, which killed only 14.3% of the chicks tested. No death was observed in the group of chicks inoculated with PBS (Fig. 7) . pAPEC-1 has a major role in dissemination of bacteria in blood and internal organs of infected chickens, and pAPEC-3 has a cumulative effect on virulence. The air sac infection model is able to differentiate between strains that are able to disseminate in internal organs, generate gross lesions, and cause systemic infection and attenuated strains whose capacity to colonize deeper tissues is impaired (15, 46) . In this study, we confirmed that 7122 was able to produce signs of colibacillosis in chickens inoculated via the air sacs (15, 46) . Bacteria were able to colonize all internal organs and body fluids of the inoculated chickens (Table 5 ; data for blood not shown). Its derivatives exhibited different degrees of pathogenicity. Without the three large plasmids, 7368 persisted less well than the parent strain, did not multiply in pericardial fluid and blood, and colonized the lungs, air sacs, spleen, or liver less well than the parent strain or did not colonize these organs. However, in the presence of pAPEC-1 alone or in combination with pAPEC-2, although there was no statistically significant difference, bacteria were able to persist and colonize internal organs at a level lower than the wild-type level (Table 5) , whereas the strain with pAPEC-1 and pAPEC-3 showed greater colonization of internal organs and the difference was statistically significant in the lungs (P ϭ 0.004). In the absence of pAPEC-1, strains with pAPEC-2 and/or pAPEC-3 colonized and persisted poorly in body fluids and internal organs of infected chickens (Table 5 ; data for blood not shown).
The gross colibacillosis lesions evaluated in the air sacs, livers, and pericardia of infected chickens were consistent with the bacterial levels observed in different tissues (data not shown). No bacteria or lesions were detected in chickens inoculated with PBS.
pAPEC-1 and pAPEC-2 of 7122 regulate the growth of bacteria differently in different media. We compared the growth of APEC wild-type strain 7122 and its plasmid-containing derivatives in different bacterial and cell culture media. Our results showed that all bacteria grew similarly in LB medium, DMEM, and RPMI-1640 (Fig. 8 ) (data for DMEM not shown). A fitness cost was associated with the presence of pAPEC-1 and pAPEC-2 when bacteria were grown in MM9 minimal medium, but not when bacteria were grown in LB medium. Compared to the wild type, strain 7561 (pAPEC-1 and pAPEC-2) grew significantly (P Ͻ 0.001) slower in MM9 medium after 3 h of incubation (Fig. 8) . In this medium, strain 7394 (pAPEC-1) had the highest level of growth compared to (Fig. 8 ).
In the GTSF-2 cell culture medium the highly virulent clones, including wild-type strain 7122, 7561 (pAPEC-1 and pAPEC-2), and 7562 (pAPEC-1 and pAPEC-3), grew significantly (P Ͻ 0.001) slower than the less virulent strains, including plasmidless strain 7368, 7392 (pAPEC-2), 7367 (pAPEC-3), and 7274 (pAPEC-2 and pAPEC-3) (Fig. 8) .
DISCUSSION
Large plasmids are a source of pathodiversity in APEC.
Plasmids are extrachromosomal DNA that carry multiple genes expressed with complex cross-regulation involving both chromosomal and plasmid genes. Evaluating their function in the wild-type background individually or in combination with other coexisting plasmids would be the ideal scenario for understanding their contribution to virulence. In this study, we successfully cured APEC 7122 of its three large plasmids, pAPEC-1 (103 kb), pAPEC-2 (90 kb), and pAPEC-3 (60 kb), and generated strains with different combinations of the three plasmids in the same 7122 wild-type background. For comparison, we also generated clones of an E. coli K-12 strain with the same three plasmids.
PCR testing of plasmid-containing derivatives of both the wild-type and E. coli K-12 strains for different virulence factors associated with APEC 7122 both defined different pathotypes for different strains and determined the genetic locations of 19 different virulence factors (Table 3) . Except for ompT and hlyF, the implications of these virulence factors in 7122 have been extensively studied (9, 14, 15, 43, 46, 47, 51, 52, 56, 57) . In this study we identified three additional genes in APEC 7122, fepA encoding enterobactin, a siderophore produced by numerous enteric bacteria (19) , eitA of the eitABCD-encoded iron acquisition system, and pilS encoding the major components of the type IV fimbriae. The four eitABCD genes were identified first on a ColV plasmid of an APEC O2 strain (33) and later on a ColBM plasmid of an APEC O1 strain (32) . The eitABCD genes were described as genes encoding a novel APEC ABC iron transport system because of the similarity of this system to a putative ABC iron transport system in the plant pathogen Pseudomonas syringae. In a previous study analysis of the sequence of pAPEC-1 did not reveal the presence of eitABCD on this ColV plasmid (48) . In this study, however, we determined that the eitA gene was located on plasmid pAPEC-2 of APEC 7122. This is the first time that eitABCD has been associated with a non-ColV/ColBM plasmid. The data were obtained from at least 3 independent experiments in which each strain was tested in triplicate. The error bars indicate the standard errors of the means. Significant differences are indicated by asterisks ‫,ء(‬ P Ͻ 0.05 compared to the parent strain; ‫,ءء‬ P Ͻ 0.005 compared to the parent strain). Abbreviations: pAPEC-1,2,3, pAPEC-1, pAPEC-2, and pAPEC-3; pAPEC-1,2, pAPEC-1 and pAPEC-2; pAPEC-1,3, pAPEC-1 and pAPEC-3; Ϫ, no plasmids.
FIG. 7.
Pathogenicities of different strains in 1-day-old chicks. The survival percentages were evaluated for groups of chicks inoculated subcutaneously at 6 days after inoculation with either wild-type strain 7122 or its plasmid-containing derivatives. Strains were classified as low-virulence (I), moderately virulent (II), and highly virulent (III) strains. Abbreviations: pAPEC-1,2,3, pAPEC-1, pAPEC-2, and pAPEC-3; pAPEC-1,2, pAPEC-1 and pAPEC-2; pAPEC-1,3, pAPEC-1 and pAPEC-3; Ϫ, no plasmids.
The second virulence gene identified in 7122 was pilS, the gene that encodes the major components of the type IV fimbriae (64). These fimbriae have been described in various Gram-negative bacteria and are encoded mainly by plasmids, such as R64, ColIb-P9, pO113, and pHG1 (38, 39, 59, 71) . Type IV fimbriae are considered key virulence factors of many pathogens as they are involved in different bacterial processes, including adhesion to host cells, microcolony and biofilm formation, bacterial aggregation, receptors for phages, immune evasion, twitching motility, DNA uptake, and cell signaling (10) . We are in the process of determining the implications of this gene for the virulence of APEC 7122. FIG. 8. Growth curves for different strains in different media. The amounts of growth of wild-type strain 7122 and its plasmid-containing derivatives in different media (LB medium, MM9 medium, RPMI-1640, and GFTS-2 medium) at different times were compared. The data were obtained from at least 3 independent experiments in which each strain was tested in triplicate. Statistically significant differences compared with the wild-type strain are indicated by an asterisk (P Ͻ 0.001).
The nature of plasmids and combinations of plasmids generate strains with different degrees of virulence: new insight
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on October 2, 2017 by guest http://iai.asm.org/ into the virulence of plasmids pAPEC-2 and pAPEC-3. A successful infection by a pathogen not only depends on its virulence factors but also on the host and the route of infection (27) . In this study, we evaluated the virulence of different plasmid-containing derivatives in two widely used chicken models. We showed that APEC 7122 infection is deadly for young chicks and confirmed that it causes systemic infection in older chickens within 2 days after inoculation (15, 46) . Our results strongly suggest that the three large plasmids have a role in the virulence of APEC strain 7122, since a strain without these plasmids was severely attenuated in 1-day-old chicks and was not able to colonize internal organs of older chickens infected via air sacs. Previously, we determined that in the absence of pAPEC-1 bacteria were attenuated, and we speculated that pAPEC-1 plays a role in the virulence of APEC (15) . The full sequence of this plasmid revealed the presence of important virulence genes, such as genes encoding iron acquisition systems (48) . The results of this study demonstrate that although pAPEC-1 genes are in fact required for effective colonization of the host, the presence of this plasmid alone does not restore virulence to wild-type levels and that combining pAPEC-1 with pAPEC-3 made the strain more virulent than the wild type. At this point it is difficult to explain this finding because the sequence of pAPEC-3 is still unknown, although the pilS gene present on this plasmid may contribute to virulence. We showed for the first time that plasmids pAPEC-2 and pAPEC-3 have virulence attributes that are apparent when these plasmids are used in the 1-day-old chick model, but not when they are used in the air sac infection model. The full sequences of the plasmids would provide more information concerning the mechanism of virulence. Together, the results suggest that both the nature of plasmids and combinations of plasmids contribute to the generation of strains with different degrees of virulence and that plasmids play a major role in the diversity of APECs.
Inhibition of growth as a new mechanism of virulence in APEC 7122. During the process of infection, a pathogen gains access privileged sites in a host by responding to specific nutritional cues in host microenvironments. At different steps of infection, the pathogen has to acquire nutrients that are necessary for its growth and survival. In this study, we evaluated the in vitro growth of bacteria in both bacterial culture media and cell culture media that are designed to maintain cells under the conditions found in the original tissue (40) . The results of this study showed that plasmid-containing derivatives of APEC 7122 grow differently in the different media tested. The growth of some strains, including wild-type strain 7122, 7561 (pAPEC-1 and pAPEC-2), and 7562 (pAPEC-1 and pAPEC-3), was impaired in GTSF-2 medium, which suggests that some host environments would not be favorable for growth of these bacteria. The growth defect of the bacteria also suggests that at certain steps of infection bacteria can become dormant or less active in order to avoid host reactions that could be harmful, as observed in some pathogens that tolerate antibiotics (41), thus protecting themselves from different stresses at the cost of suspending growth. The mechanism of this phenomenon in 7122 is related to the large plasmid pAPEC-1 combined with pAPEC-2 and/or pAPEC-3, since the growth of all clones containing these combinations of plasmids was impaired, whereas all other clones were able to grow normally in this medium. The ability of 7122 to control its growth in some media could be an important virulence mechanism, since all clones that grew slowly in GTSF-2 medium were virulent in the chicken models mentioned above and the virulence was also related to the presence of pAPEC-1 combined with pAPEC-2, with pAPEC-3, or with both of these plasmids. As this is the first report to associate the inhibition of bacterial growth with the virulence of ExPECs, the exact mechanism of this phenomenon has yet to be determined.
On the other hand, bacteria that are able to persist in a host must have specific enzymes to synthesize metabolites that are present at limiting concentrations at some sites. We have shown that in APEC 7122, a combination of pAPEC-1 and pAPEC-2 impairs the growth of bacteria in minimal media but not in other media. Since individually these two plasmids did not have the same effect, this finding may be related to a cross-regulation effect on some genes that occurs only when the two plasmids are together in the absence of pAPEC-3. This plasmid combination may inhibit the synthesis of some important factors that are not present in the media, as suggested by the high level of growth of bacteria containing pAPEC-1 alone in minimal media. The influence of the nutritional environment on tissue tropism has been reported previously for other pathogens, such UPEC, in which D-serine metabolism gives bacteria an advantage in urinary tract colonization and infection (50) . In 7122, plasmid-encoded factors could have a similar role in chickens.
The serum resistance of 7122 is related mainly to the presence of LPS and the nature of LPS, and large plasmids provide partial protection. Most Gram-negative bacteria that enter the bloodstream are rapidly killed by the innate immune defense that forms an important and early barrier to invading bacteria. Successful pathogens have developed strategies to evade these host defenses. Identification of bacterial virulence factors involved in immune escape could be an interesting target for immune interference. The complement system of a host forms a powerful immune barrier. Its activation upon entry of a foreign invader generates a very potent antimicrobial response, and many pathogens have evolved means to control or evade complement. Although many virulence factors are associated with the serum resistance of ExPECs, there is still controversy concerning the implication of some of them, including Iss and TraT, in this phenomenon (46, 69) . This is probably due to the diversity of ExPEC serotypes, plasmid profiles, and the multifactorial status of the virulence. This is the first study that evaluated the role of three large plasmids as well as different O LPS in the same wild-type background with regard to resistance of bacteria to serum. As expected, wild-type strain 7122 was resistant to both serum complement, and in the absence of O78 LPS, the rough mutant survived less well than the wild type in the serum. Although the rough mutant was less resistant than the wild type, the survivability of this in serum was greater than that of E. coli K-12, which demonstrates that a mechanism of resistance other than LPS was able to provide partial protection against the lytic effect of complement. This mechanism is probably related to the large plasmids because in E. coli K-12 pAPEC-1 was able to increase the survivability of bacteria in serum. This may be related to Iss, a protein encoded by pAPEC-1 and previously shown to be involved in the complement resistance of bacteria (5) . The effect of plasmid-related mechanisms in serum resistance was probably not apparent in the wild-type 7122 background because it was masked by the resistance conferred by O78 LPS.
We have clearly demonstrated that some factors, such as O78 LPS and O111 LPS, are major factors in complement resistance and that plasmid-related mechanisms can provide partial protection to serum. Moreover, since the effect of plasmids was apparent in E. coli K-12 but not in the wild-type background, this could explain the controversy over the role of Iss and TraT in serum resistance, as their effect would not be apparent in different genetic backgrounds. In fact, in APEC 7122 the O78 LPS that plays a major role in serum resistance masks the effects of both Iss and TraT. This should be considered in future interpretations of results to avoid confusion.
Interestingly, our results show that the presence of fulllength O LPS is often not enough for protection of bacteria against the bactericidal effect of complement and that the nature of the O LPS seems to be a key factor in the resistance of bacteria to serum. For example, while an O111-substituted LPS clone was as resistant as the O78 LPS wild type, replacement of O78 LPS with O1 LPS made the strains more sensitive to serum than the rough mutant. This could suggest not only that some LPS are unable to protect bacteria against the complement complex but also that their presence could accelerate the lytic effect of the complement.
Iron uptake systems associated with APEC 7122 are both pAPEC-1 and chromosomally encoded. As part of the innate immune defense, the host limits iron availability via iron-binding proteins in order to reduce the levels of free iron to levels that are not sufficient for bacterial growth. A pathogen's ability to acquire iron in mammalian hosts during infection is crucial for successful pathogenesis. Iron is tightly bound by high-affinity iron-binding proteins, which limits the availability of free iron. To counter the iron restriction, some pathogens have evolved strategies involving iron-regulated OMPs (IROMPs), including chelators called siderophores and G protein-like transporters (2, 7). Several iron uptake systems have been associated with APEC 7122 (Tables 3 and 4) . The presence of multiple iron uptake systems is not unusual as bacteria may use different systems under different conditions, enabling them to survive in different environments (2, 6, 72) . To date, only two siderophores have been associated with APEC 7122, salmochelin (IroBCDE IroN) and the hydroxamate aerobactin (IucABCD IutA), both of which are encoded on pAPEC-1, as confirmed by our PCR and phenotype results. Here, we fully characterized the siderophore enterobactin and the ABC ferrous iron system encoded on the chromosome (17) . Enterobactin, a siderophore produced by enteric bacteria, is not effective as an iron-scavenging agent for bacteria growing in animals because it is sequestered by the host siderocalin, a component of the innate immune system (19) . However, pathogenic strains of E. coli and Salmonella possess the siderophore salmochelin, a modified form of enterochelin that can evade siderocalin because of the presence of two sugars at its scaffold periphery. In APEC 7122, the salmochelin is pAPEC-1 encoded (48) .
In the present study we also showed that variation in plasmid content affects the IROMP profiles of the strains, explaining considerable variations in IROMP production previously reported for APEC isolates (1, 23).
Large plasmids are important agents of the evolution of pathogenicity of APEC. Genomic sequencing of both pathogenic and nonpathogenic bacteria has revealed that the transition between commensalism and pathogenicity may be due to gene acquisition and loss (68) . In this study we clearly showed that in APEC 7122 plasmids play a major role in this transition. Without its plasmids 7122 was completely attenuated and was unable to cause disease in chickens.
ExPEC strains differ not only from commensal E. coli strains but also from each other with respect to genomic content and virulence gene repertoire (28) . Previously, by using a genomic subtraction technique with strain 7122 and an E. coli K-12 strain, Brown and Curtiss (8) determined the presence of 12 unique chromosomal regions associated with the virulence of 7122. In this study, by curing the large plasmids of 7122 and generating clones with different combinations of the three plasmids, we generated strains with the same background with different pathotypes and degrees of virulence, which reflected the diversity of APEC strains associated with colibacillosis in chickens (11, 16) and demonstrated the importance of plasmids in this diversity.
Bacterial species that live in diverse environments need to be able to adapt to different conditions. Acquisition of different mechanisms increases their chances of adaptation and survival in different niches. In the present work transfer of plasmids into E. coli K-12 conferred to this nonpathogenic bacterium new attributes of virulent strains, such as survivability in serum and iron uptake.
None of the genes on plasmids pAPEC-1, pAPEC-2, and pAPEC-3 were detected in E. coli K-12, indicating that they were acquired during evolution and that acquisition of these plasmids was an integral part of the transition from commensalism to pathogenicity of this organism. The cohabitation of E. coli with different species of bacteria in the gut could promote the promiscuous exchange of genetic material that contributes to the continuing evolution of bacterial pathogens and generation of different E. coli pathotypes. Because of the great diversity of strains potentially generated in this transition, no single strain can be considered highly representative of the species. APEC strain 7122 and E. coli K-12 still share some genes, including the chromosomal genes encoding adhesins, such as type 1 fimbriae, curli, and the ecp product, and metal acquisition, such as feoB, fepA, and mntH. This demonstrates that these genes were likely present in common ancestors and have a primary role in persistence, providing bacteria with the ability to survive in the intestines of hosts. Acquisition of other genes by these strains during evolution through plasmids or other mechanisms conferred the ability to cause diseases in one host or multiple hosts.
Plasmids are not the only source of evolution in APEC strains. Compared to APEC 7122, E. coli K-12 lacks the stg gene and a siderophore gene in its chromosome. The stg gene was previously suggested to be a gene that was acquired late during the evolution of pathogenic E. coli because of its low GϩC content and its similarity to its ortholog in Salmonella enterica serovar Typhi (43) . The same study also showed that the four-gene stgABCD operon was located in the glmS-pstS intergenomic region of 7122, a region known as a hot spot of DNA insertion in E. coli (24) .
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Conclusion and final remarks. Together, the results of this study strongly support the hypothesis that the acquisition of large plasmids is important in the evolution of bacterial pathogens from nonpathogenic ancestors. We clearly defined the importance of the nature of plasmids, the diversity of plasmids, and combinations of different plasmids in generating strains with different pathotypes and levels of virulence. In APEC 7122, plasmids are involved in different steps of infection and persistence, and without these plasmids the bacteria lose most of the features important in virulence. For the first time, our results implicated large plasmids in the control of bacterial growth under different conditions, a mechanism which could have a very important role in the pathogenicity of bacteria. This new insight into the virulence of APEC should help us understand the virulence of other ExPECs and design a more efficient strategy to control ExPEC infections in the future.
